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Edited by Robert B. RussellAbstract Taking advantage of microarray data in Escherichia
coli genome, the relationship among mRNA expression levels,
folding free energy and codon usage bias are investigated. Our
results indicate that mRNA expression is correlated to the stabil-
ity of mRNA secondary structure and the codon usage bias. The
decrease of the stability of mRNA structure contributes to the
increase of mRNA expression. There is a negative correlation
between codon adaptation index (CAI) and mRNA expression
in genes with less stable structure. The relationship between
the stability of mRNA structure and mRNA half-life indicates
the stability of mRNA structure is diﬀerent from mRNA half-
life.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Random sequence1. Introduction
Degeneracy in the genetic code allows mRNA carrying addi-
tional information while encoded amino acid sequence remains
unchanged. Highly expressed genes use a preferred set of opti-
mal codons and display a high codon usage bias [1]. The usage
of preferred codons is positively correlated with their respec-
tive major isoacceptor tRNA levels [2,3]. It was presumed that
codon usage bias was caused by selective pressure for eﬃcient
or accurate translation [4,5].
Proﬁted from the development of microarray technology,
wealth of mRNA expression data was produced. More com-
prehensive analyses of gene expression were available by using
mRNA microarray expression data in whole Escherichia coli
genome [6,7]. Recently, dos Reis et al. [8] analyzed the relation-
ship between mRNA expression level based on microarray
data and codon usage bias in E. coli from a genomic perspec-
tive, and suggested a statistical correlation. The similar result
was reported in other organisms [9,10].
Previous studies mainly focused on the codon usage bias of
mRNA sequences, however, paid less attention to mRNA
structure. In fact, mRNA secondary structure elements may
inﬂuence many cellular processes, including mRNA stability,
transcription and translation. Carlini et al. [11] suggested that
mRNA secondary structure is a relatively independent, nega-*Corresponding author. Fax: +86 1062794295.
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drosophilid genes which diﬀer in degree of codon bias and level
of gene expression. In this work, from the energy point of view,
we investigate the relationship among mRNA expression, fold-
ing free energy and codon usage bias. Our results indicate that
mRNA structure is an important factor aﬀecting gene expres-
sion, and less stable structure contributes to the increase of
mRNA expression levels. The relationship between the stabil-
ity of mRNA secondary structure and mRNA half-life is also
analyzed.2. Materials and methods
2.1. Expression data
In recent work [8], microarray data from three diﬀerent laboratories
for E. coli genome were evaluated, it suggested that the mRNA expres-
sion levels from ASAP [12] show a higher correlation coeﬃcients with
other data sources. Thus, the genomic sequences and corresponding
mRNA expression levels for E. coli K-12 MG1655 (GenBank, Acces-
sion No. U00096 [22]) were obtained from ASAP database [12] and
were used in this work. Total 4121 mRNA sequences (sequence length
not less than 60 nucleotides) with corresponding mRNA expression
levels were obtained. The mRNA expression levels growing in LB med-
ium were considered in further analysis. Two groups of mRNA expres-
sion levels under the same experiment condition were provided and
designated as expLB1 and expLB2. For convenience, the mRNA
expression level was denoted as expLB, which deﬁned as log2((expL-
B1 + expLB2)/2).
The mRNA half-lives for E. coli were obtained from [13, Table 6].
Furthermore, the mRNA expression levels growing in LB medium
were obtained from [13, Table 5] and were compared with the mRNA
expression levels from ASAP. It shows an evident correlation between
two data sources (correlation coeﬃcient is 0.64).
2.2. CAI value
Codon adaptation index (CAI) [14] for each E. coli gene was calcu-
lated by using the program CodonW (J.F. Peden, unpublished, avail-
able at ftp://molbiol.ox.ac.uk/cu). CAI is usually used to measure the
relative adaptiveness of the codon usage of a gene towards the codon
usage of highly expressed genes.
2.3. Randomization of native mRNA sequence
For each native mRNA sequence, 50 random sequences were gener-
ated using the random procedure of codonrandom, which preserved
the same encoded amino acid sequence through randomly replacing
synonymous codon in codon degenerate family in an equal frequency.
In the random procedure of codonrandom, 6-fold degenerate codon
family was considered as a doublet family and a quartet family.
2.4. Folding free energy and Z-score
The folding free energies of native mRNA sequence and correspond-
ing random sequences were calculated by using the program RNA fold
from Vienna software package [15], which is widely used to predict theblished by Elsevier B.V. All rights reserved.
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algorithm [16]. The folding free energy was calculated with the window
size of 50 bases in the step size of 10 bases along the sequence. The
folding free energy of sequence was deﬁned as the average of folding
free energies of all windows in the sequence.
The folding free energy diﬀerence between native sequence and cor-
responding random sequences was measured by Z-score.
Z-score ¼ fEnative  hErandomig=STD;
where Enative denotes the folding free energy of native mRNA se-
quence, ÆErandomæ denotes the average over a large number of random
sequences generated from the native sequence and STD denotes its
standard deviation. A positive Z-score indicates the native sequence
has a higher folding free energy than the average of the random se-
quences and therefore is thought to have less stable secondary struc-
ture than random sequence.3. Results
3.1. The distributions of CAI
The CAI values for native sequences and corresponding ran-
dom sequences were calculated although calculating the CAI
values of random sequences is less biological signiﬁcation. Be-
cause the ribosomal protein (RP) genes are usually considered
as representative of the high codon bias genes, 55 ribosomal
protein genes were drawn from 4121 genes and were consid-
ered as a separate subset. The mean values of CAI for all na-
tive sequences, ribosomal protein genes and random sequences
are 0.33, 0.64 and 0.21, respectively. The probability density
curves of CAI for 4121 native sequences, ribosomal protein
genes and random sequences were estimated, as shown in
Fig. 1. The estimated cross point of CAI is 0.46 for native
sequences and ribosomal protein genes, and 0.25 for native
sequences and random sequences.
Because the genes with CAI values less than 0.25 (or 0.3) are
commonly considered as low CAI genes, we assumed that the
selection of codon usage in low CAI genes is similar to the selec-
tion in random sequences. The distribution of CAI of low CAI
genes could be represented by the distribution of random se-
quences. Thus, the genes with CAI less than 0.25 were consid-
ered as low CAI genes, the genes with CAI greater than 0.46
were considered as high CAI genes, and the remains were con-Fig. 1. The estimated probability density curves of CAI distribution
for native mRNA sequences, random sequences and ribosomal protein
genes.sidered as median CAI genes. It agrees with the previous report
that E. coli genes can be classiﬁed into three groups based on
codon usage, which was obtained through cluster analysis
[17] and correspondence analysis [8]. The values of 0.25 and
0.46, theoretically obtained through the distributions of CAI,
are consistent with the commonly used values of 0.25 and 0.5.
3.2. Relationship between mRNA expression levels and Z-score
The scatter plots in Fig. 2 represent the relationship between
Z-score and mRNA expression levels (expLB) for E. coli gen-
ome. There is a positive correlation between expLB and Z-
score, and the spearman correlation coeﬃcient is 0.27. To
investigate the relationship between expLB and Z-score in
genes with diﬀerent codon usage bias, the genes were classiﬁed
into low, median and high CAI groups according to the CAI
values of 0.25 and 0.46. The consistently positive correlations
between expLB and Z-score were observed in low, median
and high CAI genes, the spearman correlation coeﬃcients
are 0.32, 0.31 and 0.34, respectively. The mean and standard
deviation for expLB, Z-score and CAI were listed in Table 1.
In order to analyze the correlation between mRNA expres-
sion levels and Z-score in detail, the genes were classiﬁed
according to expLB values directly. The estimated probability
density of expLB for 4121 E. coli genes is unimodal (supple-
mentary material ﬁgure 4) and the maximum density is
0.398. The expLB values corresponding to half-maximum
(0.199) are 0.65 and 1.80, respectively. They were used to
classify genes into low (expLB < 0.65), median
(0.65 6 expLB 6 1.80) and high (expLB > 1.80) expLB
groups. The mean and standard deviation for expLB, Z-score
and CAI were listed in Table 2. It can clearly be seen that the
group of genes with low expLB shows low Z-score while the
group of genes with high expLB shows high Z-score.Fig. 2. The scatter plots of mRNA expression level versus Z-score.
Table 1
The mean and standard deviation for expLB, CAI and Z-score in CAI
groups
Gene num. expLB CAI Z-score
Low CAI 752 0.88 ± 1.04 0.22 ± 0.03 0.16 ± 2.00
Median CAI 2951 0.58 ± 0.97 0.33 ± 0.05 2.40 ± 2.08
High CAI 418 1.78 ± 1.38 0.56 ± 0.09 2.57 ± 2.05
Table 2
The mean and standard deviation for expLB, CAI and Z-score in
expLB groups
Gene
num.
expLB CAI Z-score
Low expLB 298 0.96 ± 0.26 0.32 ± 0.07 3.49 ± 2.58
Median expLB 3161 0.53 ± 0.65 0.32 ± 0.08 2.02 ± 2.14
High expLB 662 2.58 ± 0.71 0.39 ± 0.16 1.26 ± 2.18
Fig. 3. The plot of expLB versus CAI for each Z-score group.
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CAI
It is necessary to take CAI into account when analyzing the
relationship between Z-score and mRNA expression levels be-
cause mRNA expression related to codon usage bias (CAI) [8].
Thus, the genes were classiﬁed into nine groups according to
expLB and CAI values. Table 3 showed the mean and standard
deviation for Z-score, CAI and expLB in nine groups. When
ﬁxing CAI, there is a positive correlation between expLB and
Z-score. In fact, the average CAI values for each CAI group
are very close, and the eﬀect of CAI on mRNA expression
can be eliminated. This result conﬁrms above conclusion that
Z-score positively correlated to mRNA expression levels.
From Table 3, we can see that 20% (151 of 752) of the genes
with low CAI were high expressed and only 5% (40 of 752)
showed low expression levels. It is consistent with previous re-
port that there is a V-shape relationship between CAI values
and mRNA expression levels [8]. In order to investigate
whether Z-score has an eﬀect on the correlation between
mRNA expression and CAI, the genes were classiﬁed into
three groups according to Z-score values. The mean values
of expLB for low, median and high Z-score groups are 0.36,
0.81 and 1.06, and the mean values of Z-score are 4.57,
2.00 and 0.39, respectively. Further, the genes in each Z-
score group were classiﬁed into ten subgroups according to
CAI values. The mean values of expLB and CAI for each sub-
group were calculated (supplementary material table 4) and the
plot of expLB versus CAI was shown in Fig. 3.
Fig. 3 showed a positive correlation between expLB and
CAI in high CAI genes. However, for low CAI genes, the neg-
ative correlation was observed in the genes with high Z-score.
That is, the V-shape trend exists in high Z-score genes, not in
all genes. It indicates the negative correlation results from Z-
score rather than CAI.
3.4. Gene function related to Z-score and CAI
The V-shape correlation in high Z-score genes presents an
interesting phenomenon, and it is important for us to investigate
these high expressed genes from the function point of view. TheTable 3
The mean and standard deviation for expLB, CAI and Z-score in nine grou
expLB CAI Gene num. e
Low Low 40 
Median 244 
High 14 
Median Low 561
Median 2395
High 205
High Low 151
Median 312
High 199group of genes with low CAI and high expLB showed a high
Z-score of 0.59. It indicates the folding free energies of these
genes are higher than that of corresponding random sequences.
This result disagrees with the statistical result for E. coli genome
that nativemRNA sequences had lower folding free energy than
its corresponding random sequence [18,19]. About 54% of genes
(82 of 151) are unknown-function genes or hypothetical ORFs
and about 17% of genes (25 of 151) are putative enzymes or
transport genes. These results indicate that this part of genes
is diﬀerent from whole E. coli genes and may be acquired
through horizontal transfer as previous work mentioned [8].
For the group of genes with high expLB and high CAI,
about 39% of genes (75 of 191) are enzymes and only 9% of
genes (18 of 191) are unknown ORF genes. It is diﬀerent from
the group of genes with low CAI and high expLB. The ribo-
somal protein genes are considered as representative of the
highly expressed and codon biased genes, and 95% of genes
(52 of 55) fell into this group. The mean values of expLB,
CAI and Z-score for ribosomal protein genes are 3.69, 0.64
and 1.06, respectively. Higher Z-score indicates the high
expression levels of ribosomal protein genes partly result from
the less stable structures of mRNA.
3.5. Z-score and half-life
To explore whether mRNA secondary structures aﬀect half-
life, the relationships between Z-score and half-life, and be-
tween half-life and expression level were analyzed. The mRNA
half-lives and expression levels growing inM9 + glucose andLB
media were obtained from [13, Tables 5 and 6]. A positiveps
xpLB CAI Z-score
1.07 ± 0.41 0.22 ± 0.02 1.07 ± 2.21
0.94 ± 0.23 0.33 ± 0.05 3.84 ± 2.46
0.86 ± 0.10 0.51 ± 0.04 4.31 ± 2.00
0.61 ± 0.67 0.22 ± 0.02 0.29 ± 1.94
0.49 ± 0.65 0.33 ± 0.05 2.34 ± 1.98
0.83 ± 0.64 0.53 ± 0.06 3.01 ± 2.07
2.37 ± 0.47 0.21 ± 0.03 0.59 ± 1.94
2.44 ± 0.56 0.34 ± 0.06 1.67 ± 1.98
2.95 ± 0.89 0.60 ± 0.10 2.00 ± 1.85
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half-life in LBmediumwas observed, but no evident correlation
(correlation coeﬃcient is 0.09) was observed in M9 medium.
Furthermore, there is a negative correlation between half-life
and mRNA expression in M9 medium as mentioned by Bern-
stein et al. [13], but no correlation in LB medium (correlation
coeﬃcient is 0.02). As expected, Z-score showed positive corre-
lation to mRNA expression levels, the spearman correlation
coeﬃcients are 0.17 and 0.21 for LB andM9media, respectively.4. Discussion
4.1. mRNA secondary structures related to mRNA expression
Generally, the Z-score measures the folding stability of the
native mRNA compared to randomized sequences [18,19].
The positive correlation between Z-score and mRNA expres-
sion levels indicates the stability of mRNA secondary structure
is an import factor aﬀecting mRNA expression. In other
words, less stable mRNA secondary structure can increase
the mRNA expression levels while the more stable structure
will decrease the mRNA expression levels. It is well known
that stable secondary structures play a role in transcriptional
regulation [20] and translation [21]. Because the stability of
mRNA secondary structure will have the greatest inhibitory ef-
fect on translation [21], the highly expressed genes would tend
to decrease the stability of mRNA under the strong select pres-
sure, as a result, to increase translation rates.
4.2. The relationship between Z-score and CAI
From Tables 1 and 2, we can see that most of the genes show
lower Z-scores. It agrees with the previous result that a bias in
the selection of codons favored the potential formation of
mRNA structures which contribute to folding stability [18].
The relationship between CAI and Z-score was investigated.
A negative correlation (correlation coeﬃcient is 0.43) was
observed in low CAI genes (CAI < 0.46) but a positive corre-
lation (correlation coeﬃcient is 0.25) was observed in high
CAI genes. It suggests the folding stability of mRNA results
from the selection of median biased codons. The strong selec-
tion of codons can decrease the stability, but increase expres-
sion levels. So, it can be guessed that the strong codon bias
results from the function desire rather than selection pressure,
such as ribosomal protein gene. Similarly, the low CAI genes
were highly expressed due to less selection pressure.
4.3. The relationship between Z-score and GC content
The relationship between GC content and Z-score was ana-
lyzed because folding free energy is related to GC content. The
result suggests a negative correlation between Z-score and GC
content, the spearman correlation coeﬃcient is 0.67. It indi-
cates the genes with higher Z-score tend to have lower GC con-
tent, and as a result, increase the folding free energy (reduce
the stability) of mRNA due to the greater interaction energy
between C and G pairs compared with A and U pairs. From
this point, our result is consistent with recent report that in
E. coli there is a negative correlation between GC content
and mRNA expression levels [8].
4.4. Comparison of Z-score and half-life
The correlation between Z-score and half-life depends on
medium. When there is no correlation between Z-score andhalf-life in M9 medium, a negative correlation between half-
life and mRNA expression is observed. However, when a po-
sitive correlation exists, the negative correlation between
half-life and mRNA expression disappears. It indicates Z-
score is a factor aﬀecting mRNA half-life and the eﬀect related
to medium.
The positive correlation between Z-score and half-life in LB
medium indicates the genes with less stable secondary structure
tend to have longer half-lives. In other words, the mRNA
structure stability measured by Z-score is diﬀerent from half-
life. A possible explanation is Z-score presents the secondary
structure potential, and half-life is aﬀected by the composition
of culture medium or other factors [13].
4.5. Z-score and random procedure
According to the deﬁnition of Z-score, Z-score depends on
the random method. Besides codonrandom procedure, another
two kinds of random procedures of codonshuﬄe [18] and dic-
odonshuﬄe [19] were used and the corresponding Z-scores
were calculated (supplementary material table 5). In codon-
shuﬄe and dicodonshuﬄe procedures, synonymous codons
were shuﬄed along mRNA sequence, as a result, the same en-
coded amino acid sequence and codon usage were preserved.
Compared to codonrandom procedure, an important diﬀer-
ence is that these procedures do not change codon usage.
The relationships between mRNA expression levels and Z-
scores for codonshuﬄe and dicodonshuﬄe were analyzed.
The result suggests that there is no positive correlation be-
tween expression levels and Z-scores, the spearman correlation
coeﬃcients are 0.03 for codonshuﬄe and 0.08 for dicodon-
shuﬄe (supplementary material ﬁgures 5 and 6). It is diﬀerent
from the result obtained based on codonrandom. An explana-
tion for this diﬀerence is there is codon usage change in codon-
random procedure, but no change in codonshuﬄe and
dicodonshuﬄe procedures. It indicates mRNA expression lev-
els are related to the select of codon usage.
In conclusion, mRNA expression levels related to mRNA
secondary structure and codon usage bias. The less stable sec-
ondary structure contributes to the increase of mRNA expres-
sion levels. The positive correlation between mRNA
expression and CAI is observed in high CAI genes, however,
a negative correlation is observed in genes with low CAI and
high Z-score.
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